ABSTRACT In this study, sequential cardiopulmonary exercise testing was used to assess the physiologic benefits of a single-chamber ventricular pacing system that utilizes a piezoceramic sensor to adjust heart rate by detecting "physical activity." An initial exercise test was conducted with the pacemaker programmed (based on a randomization 2.5 min; p < .01), (3) increased peak oxygen consumption (VVI-Act 1617 656 ml 02/min vs VVI 1325 ± 451 ml 02/min; p < .01), and (4) onset of anaerobic threshold at a higher oxygen consumption (VVI-Act 1208 ± 343 ml 02/min vs VVI 1064 + 377 ml 02/min: p < .01). Additionally, of 44 comparable exercise stages tested in the two pacing modes, perceived exertion (assessed by a numerical grading system) was lower in 38 of 44 instances during VVI-Act compared with VVI pacing. Thus provision of chronotropic response during exercise by single chamber rate-variable ventricular pacing substantially improved exercise tolerance and therefore may be of benefit for patients with bradycardia-related symptoms in whom associated sinoatrial disease or difficulty establishing or maintaining atrial sensing preclude optimum function of conventional atrial-tracking pacing systems. Circulation 75, No. 1, 184-191, 1987. OPTIMAL CARDIAC PACING provides both atrioventricular (AV) synchrony and a physiologically appropriate heart rate. 2 To achieve these goals, both atrial synchronous (VDD) and universal (DDD) pacing modes track native atrial rate and pace the ventricles after a preset AV interval. However 
patients with sinus bradycardia and subnormal response in heart rate during exercise,4 usefulness of atrial tracking is limited by inability of the native atrial rate to attain levels appropriate to the degree of exertion. Similarly, in patients with complete or intermittent AV block in conjunction with chronic atrial fibrillation, refractory primary atrial tachycardias,5 or inexcitable atria, conventional pulse generators are incapable of providing either AV synchrony or consistently appropriate heart rate responses during physical exertion. Consequently, there has been considerable interest in development of pacemakers that provide heart rate responsiveness independently of atrial func-THERAPY AND PREVENTION-CARDIAC PACING this end, cardiopulmonary indexes were measured during two sequential exercise tests, with the pulse generator programmed initially to either the fixed-rate (VVI) or rate-variable (VVI-Act) pacing mode and subsequently programmed to the alternate pacing mode for the second exercise period.
Methods
Patient selection. Each patient included in this study met the following selection criteria: (1) candidate for implantable cardiac pacemaker to alleviate bradycardia-related symptoms (particularly exertional intolerance) resulting from sinus node dysfunction, AV block, or both; (2) conventional dual-chamber atrial-tracking pacing system deemed inappropriate because of the presence of at least one of the following conditions: (a) chronic atrial fibrillation, (b) recurrent medically refractory primary atrial tachycardias, (c) inadequate sinoatrial node rate response during physical exertion (see below), and (d) inexcitable atrium; (3) inadequate sinoatrial heart rate response during physical exercise, defined as inability to achieve more than 75% predicted maximum heart rate during treadmill exercise'8; (4) physically capable of undertaking graded exercise treadmill testing; (5) signed informed consent obtained from the patient and when necessary from the patient's parents.
Pacing device. The activity-detecting pacing system used in this study consisted of a bipolar, multimodal, multiprogrammable, single-chamber pulse generator, with a piezoceramic sensor bonded to the inside of the pulse generator titanium shield (Model 8400, Medtronic Inc, Minneapolis). The sensor circuitry in this device is tuned to be maximally responsive in the resonant frequency range of the human body (7 to 10 Hz13' 19 and is deflected by activity-initiated pressure waves generated within the patient's body and transmitted through the pacemaker shield. The rate and amplitude of activity-initiated pressure waves are detected by the sensor and the electrical signals generated by the piezoceramic device are amplified and transmitted to signal processing circuits (figure 1). Recognition of an electrical signal from the sensor as an activity detection is determined by a programmable "activity threshold." The activity threshold is set to one of three settings (low, medium, high), and when detected pressure wave amplitudes exceed the selected activity threshold an activity-initiated signal is recognized by the signal processor. In this system, a low threshold permits the device to respond to relatively minor body movements, whereas a high threshold excludes recognition of low-amplitude vibrations and permits recognition only of signals associated with more intense body activity.
A programmable "rate response" setting determines the relation between detected body activity signals and the resulting pacing rate of the pulse generator. Ten rate response settings are available; a response of 10 permits greatest pacing rate change in response to body activity, whereas a response set at 1 permits the least pacing rate change. The range of pacing rates are restricted by a programmable lower or "base" rate (60, 70, 80 pulses/min), below which the pulse generator pacing rate is not allowed to fall, and a similarly adjustable upper rate (100, 125, 150 pulses/min), which is the maximum pacing rate permitted (figure 1).
Exercise treadmill protocol. In 11 of 12 patients an initial familiarizing exercise treadmill test was carried out within 1 to 2 weeks before pacemaker implantation. Patient 9 did not undergo this procedure because of severe angina pectoris. In addition, after implantation of the pulse generator, but before the sequential exercise tests reported below, activity threshold and rate response characteristics were established by assessing pacing response during low-grade treadmill exercise activity (1.5 mph, 0.0%, and 2.5% grade) in all 12 patients. Thus patients were given the opportunity to become at ease with both treadmill exercise testing procedures and laboratory surroundings.
Exercise studies were conducted in an environmentally controlled laboratory (200 to 220 C, 40% to 50% humidity) with patients in the postprandial state (3 to 4 hr). Subjects were not permitted to use side-rails while on the treadmill.20 Before commencement of the first of the two sequential cardiopulmonary exercise tests described below, the implanted pulse generator was programmed (based on a previously determined randomization table) to either a fixed rate (VVI, 70 ppm) pacing mode or the activity-initiated rate-responsive pacing mode (VVI-Act). The second of the sequential studies was undertaken after a 1.5 to 2 hr rest period, employing the previously untested pacing mode. Patients were not informed of which pacing mode was programmed.
A modified symptom-limited constant speed (3.0 Anaerobic threshold (AT) was determined noninvasively by incorporating three of the methods that have been described for its estimation21 25: (1) the association between VE and V02, with AT being defined as the point of departure from linearity of this relation, (2) the point at which there is an increase in the ventilatory equivalent for V02 (VE/V02) without a concomitant increase in the ventilatory equivalent for VCO2 (VE/VCO2), and (3) the break point in the systemic increase in end-tidal Po2. In each case, close agreement (< 5% variation) was found among the three methods.
Throughout exercise, arterial blood pressure was recorded at regular intervals with a Puritan-Bennet Infrasonde D400 blood pressure monitor, and the electrocardiogram was monitored continuously (leads aVF, V,, and V5), with recordings obtained at 30 sec intervals. In addition, perceived exertion during exercise was assessed by a numerical grading system in which the patient's perception of exercise intensity was measured on a scale of 6 to 2026; 6 was considered to be minimal intensity, 13 was moderate intensity, and 20 was extremely heavy exercise. This scale correlates well with several exercise-induced changes in physiologic variables, is helpful in assessing the influence of symptoms in limiting exercise tolerance, and permits comparison of symptoms with objective measures of cardiopulmonary status. [27] [28] [29] Data analysis. All data are presented as mean + SD. The statistical significance of pacing mode-related changes in systemic blood pressure, heart rate, exercise duration, cardiopulmonary variables, and perceived exertion were determined with Student's t test for paired data. Statistical significance was set at p < .05.
Results
Between April 1984 and March 1986, activity-initiated rate-variable pacemakers were implanted in 17 patients at the University of Minnesota Hospitals. Results of sequential exercise testing with measurement of cardiopulmonary variables in 12 of these patients (seven females, five males; ages 1 1 to 71 years) comprise the basis of this report. Five patients (one female, four males; ages 6 to 72 years) were not included in the treadmill exercise protocol. Orthopedic limitations precluded treadmill exercise testing in three, sequential cardiopulmonary exercise studies were refused by one, and one patient, a 6-year-old boy, was not believed to be capable of manipulating the apparatus for figure 3) . Figure 4 illustrates individual heart rate responses 10 At tach = primary atrial tachycardia5; At fib = atrial fibrillation; BTS = bradycardia-tachycardia syndrome; CAD = coronary artery disease; CHB = complete heart block; CV = common ventricle; EOL = end of life; Exer intol = exercise intolerance; HR = heart rate; SND = sinus node dysfunction; TGV = complete transposition of great vessels.
ACatheter/surgical ablation. BPostoperative. V02-AT was achieved in nine of 12 (75%) patients exercising during VVI pacing and in 10 of 12 (83%) patients exercising during VVI-Act pacing. Compared with findings during exercise with VVI pacing, exercise in the VVI-Act mode was associated with a mean increase in VO2-AT of 13.5% (VVI-Act 1208 + 343 ml 02/min vs VVI 1064 ± 377 ml 02/min; p < .01). Perceived exertion. The mean level of perceived exertion at each exercise stage (estimated by a numerical grading system, see above) was consistently lower during VVI-Act pacing than during VVI pacing ( figure  6 ). Indeed, for each of the total of 44 exercise stages completed by the 12 patients while being paced in the fixed-rate VVI mode, the comparable exercise stage during VVI-Act pacing was reported to be associated with a lower perceived exertion level in 38 of 44 (86%) instances and equivalent in four of 44 (9%) instances. Exercise Duration (Minutes) FIGURE 3. Graphs depicting relative effects of VVI and VVI-Act pacing on systolic and diastolic blood pressure during each stage of treadmill exercise. Blood pressure (normalized with respect to baseline value) is indicated on the ordinate and exercise duration is noted on the abscissa. During VVI-Act pacing, systolic blood pressure tended to rise throughout exercise, whereas diastolic pressure rose initially and plateaued. On the other hand, during VVI pacing both systolic and diastolic blood pressures tended to decline after an initial exercise-induced rise.
Follow-up. In each of the 12 patients, pulse generators have remained programmed to the VVI-Act mode throughout the follow-up period (range 2 to 24 months, table 1). In patients 3 and 10, pacemaker reprogramming was necessary during the follow-up period; in patient 11 a pacing system problem was encountered. Patient 3 experienced periodic transient sensations of excessively rapid heart rates (90 to 110 beats/min) while in bed at night. These episodes occurred only when he lay in such a manner that the pulse generator was pressed against the mattress. This difficulty, presumably arising from closer mechanical coupling of the device to the body (thereby increasing its sensitivity to ambient pressure wave signals), was alleviated by programming the activity threshold from medium to high. Thus the sensitivity of the device to lowamplitude pressure waves was diminished. Patient 10 noted a tendency for her heart to beat at a faster rate than she felt appropriate when riding in a motor vehicle. In this patient the activity threshold had been changed from high to medium after the exercise treadmill tests. The problem was resolved by reprogramming the activity threshold to high. In patient 11, dislodgment of the pacing lead occurred within 4 days of pacemaker implantation. The lead was repositioned and no further problem was encountered.
Discussion
This study used graded treadmill exercise with measurement of cardiopulmonary indexes to compare exercise tolerance during single-chamber activity-initiated chronotropic response ventricular pacing (VVI-Act) with that achieved during conventional fixed-rate ventricular pacing (VVI). Findings indicate that VVI-Act pacing consistently (1) extended exercise duration, (2) increased V02 peak, (3) delayed achievement of anerobic threshold (V02-AT) to a higher level of oxygen consumption, and (4) decreased level of perceived exertion during comparable stages of exercise.
Contributions of AV synchrony and chronotropic response to exercise tolerance. Compared with findings during fixed-rate ventricular pacing (VVI), provision of both AV synchrony and heart rate responsiveness in paced patients has been associated with improvements in both cardiovascular hemodynamic indexes (e.g., cardiac output, arteriovenous oxygen differences) and exercise tolerance.3"35 However, available evidence suggests that it is the positive chronotropic response that provides by far the greater contribution to this augmentation of exercise performance. For approximately 8% of this increment was attributable to preservation of AV synchrony. More recently, Fananapazir et al. 34 reported that the approximate 40% increase in exercise capacity associated with heart rate responsiveness in their patients (compared with fixedrate ventricular pacing) was independent of whether rate responsiveness was provided in conjunction with AV synchrony. The latter observations have been confirmed by Ausubel et al. 35 although these investigators noted that at comparable rates the increased cardiac output achieved with single-chamber rate-responsive ventricular pacing was associated with a need to invoke compensatory contractile reserve as evidenced by Exercise Duration (minutes) with pacemakers, provision of both AV synchrony and an appropriate response in heart rate is desirable when feasible. On the other hand, for patients in whom primary atrial arrhythmias (e.g., atrial fibrillation, inexcitable atria) preclude maintenance of AV synchrony or in whom abnormal sinoatrial function results in symptoms caused by inadequate chronotropic responsiveness, a cardiac pacing system that provides an activity-initiated heart rate response permits quantitative (oxygen consumption, exercise duration) and qualitative (perceived exertion) improvements in exercise tolerance. Potentially similar improvement in exercise tolerance may be achieved in a broader category of patients in whom technical difficulties prevent obtaining and/or maintaining adequate long-term atrial sensing or pacing (e.g., growing children) or in whom an already existing single-chamber pacing lead is to be reused when a pacemaker generator is replaced. 
